Yrast states in the neutron-rich 33 14 Si 19 nucleus have been studied using binary grazing reactions produced by the interaction of a 215-MeV beam of 36 S ions with a thin 208 Pb target. An experimental setup that combines the large-acceptance magnetic spectrometer PRISMA and the high-efficiency γ -ray detection array CLARA was used in the experiment. Four new γ -ray photopeaks at energies of 971, 1724, 1772, and 2655 keV were observed and assigned to the 33 Si level scheme. The experimental level scheme is compared with the results of 1hω p-sd-pf large-scale shell-model calculations using the recently developed PSDPFB effective interaction; good agreement is obtained. The structure of the populated states of 33 Si is discussed within the context of an odd neutron coupled to states of the 32 Si core.
I. INTRODUCTION
The region of neutron-rich nuclei around N = 20 continues to be the subject of active research, both experimental and theoretical; this is the region in which the breaking of a shell closure far from stability was first observed in 32 12 Mg 20 [1] [2] [3] , and interpreted within a shell-model context as arising from a two particle-two hole intruder configuration [4, 5] . 34 14 Si 20 lies outside the island of inversion and, although only two protons removed from the highly deformed 32 12 Mg 20 nucleus, is a spherical N = 20 closed-shell nucleus in its ground state. Further, although there is some uncertainty in the energy gap between the proton 1d 5/2 orbital (fully occupied in a simple shell-model picture of the 34 Si ground state) and the 2s 1/2 orbital (empty in the 34 Si ground state) as a consequence of an incomplete knowledge of the fragmentation of the proton 1d 5/2 single-particle strength, the separation is known to be large, giving the nucleus the characteristics of a doubly magic nucleus. In the work of Cottle [6] , the splitting is given as about 7 MeV for 34 Si. In its ground state, 33 Si has a neutron hole in the 1d 3/2 orbit; neutron one particle-two hole configurations * zhimin.wang@uws.ac.uk will therefore play a dominant role in the structure of negativeparity states. With a neutron promoted to the 1f 7/2 orbit, the monopole tensor force [7] will influence the binding of the proton single-particle orbits below the Z = 20 shell closure. The attractive tensor force will lead to a stronger binding of the 1d 3/2 (j < ) state, leading to a smaller energy gap between the 1d 3/2 and 2s 1/2 proton orbitals. The evolution of the E(1/2 + )-E(3/2 + ) energy spacing for odd-mass K, Cl, and P isotopes with neutron numbers in the range from 20 to 28 has been reported by Gade et al. [8] . 33 Si has previously been studied using deep inelastic collision processes with a thick target [9] [10] [11] , in multinucleon transfer reactions [12, 13] , in one-neutron knockout reactions [14] , and in β decay [15] . The ground-state J π value has been assigned as 3/2 + , on the basis of one-neutron transfer studies [14] and shell-model predictions. The assignment is in agreement with the systematics of N = 19 isotones in this neutron-rich mass region [16] .
Knowledge of the nuclear structure of 33 Si is somewhat limited, and here we attempt to address this in an experiment that utilized an experimental setup involving the coupling of the large-acceptance magnetic spectrometer PRISMA [17] and the high-granularity and high-efficiency γ -ray Ge detector array CLARA [18] . The ability to perform Doppler correction, on an event-by-event basis, of the energies of γ rays emitted by nuclei moving with velocities of the order of υ/c ∼ 0.1, together with good reaction-channel selection, enables highquality singles γ -ray spectra to be produced. In this paper, the level structure is compared with the results of large-scale 1hω shell-model calculations based on a 4 He core and which use the recently developed PSDPFB effective interaction [19] [20] [21] .
The present work forms one of several studies of neutronrich nuclei in the sdpf shell that are based on results from the same experiment. To date, we have reported on the structure of 36 [28, 29] . These published works are mainly concerned with the role of negative-parity intruder orbitals in the structure of neutron-rich nuclei on the periphery of the island of inversion.
II. EXPERIMENT
The neutron-rich nucleus 33 Si was populated in binary grazing reactions produced by a 215-MeV beam of 36 Projectile-like fragments produced during the reaction were analyzed with PRISMA, a large acceptance-angle magnetic spectrometer (±5.5
• in the dispersion plane and ±10.5
• perpendicular to the dispersion plane, ∼80 msr solid angle), placed at 56
• to the beam axis, and covering a range of angles including the grazing angle of the reaction (∼58
• ). The PRISMA spectrometer consists of a quadrupole singlet and a dipole magnet separated by 60 cm. The (x,y) coordinates and time information of each ion entering the spectrometer are measured using a position-sensitive microchannel plate (MCP) detector [30] placed at 25 cm from the target. Following the passage of each ion through the magnetic elements, the coordinates and time information are measured again at the focal plane of the spectrometer using a ten-element 100 cm long multiwire parallel-plate avalanche counter (MWPPAC) [31] . The position resolution of the MCP and MWPPAC is 1 mm in the horizontal (dispersive) direction and the time resolution of the MCP and MWPPAC combination is about ∼300 ps. Finally, the ions are stopped in a 10 × 4 element ionization chamber used for energy loss, E, and total energy, E, measurements [30, 31] . For each ion that reaches the focal plane of PRISMA, the above measurements enable us to determine the time of flight, the mass number A, the atomic number Z, and the ion charge state, thereby allowing an unambiguous identification of each detected projectile-like nucleus. Reconstruction of the trajectory of each ion through the spectrometer together with the time-of-flight measurement was used to establish the velocity vector of each detected ion on an event-by-event basis.
Gamma rays from the deexcitation of the binary reaction products were detected using CLARA, an array of 25 escapesuppressed Ge clover detectors (22 Ge clover detectors were used during the present work). Gamma rays were detected in time coincidence with projectile-like fragments identified at the focal plane of the PRISMA spectrometer, leading to an unambiguous assignment of each γ -ray photopeak to a nucleus of selected A and Z. CLARA was positioned in the hemisphere opposite to the PRISMA spectrometer and covering the azimuthal angles from 98
• to 180
• with respect to the entrance aperture of PRISMA. For 1.3-MeV γ rays from a 60 Co source, the CLARA total photopeak efficiency is ∼2.8%, and the peak-to-total ratio is ∼45%. Doppler correction of γ -ray energies was performed on an event-by-event basis. The energy resolution of γ -ray photopeaks following Doppler correction was typically ∼0.6%. Experimental data were accumulated during a six-day run with an average beam current of 60 e nA.
III. RESULTS AND DISCUSSION
In the present experiment, projectile-like nuclear species from magnesium (Z = 12) to calcium (Z = 20) were identified at the focal plane of PRISMA. In this paper, we focus on the nuclear structure of the neutron-rich silicon isotope 33 Si. The mass spectrum of silicon (Z = 14) isotopes ranging from 30 Si to 36 Si is shown in Fig. 1 . The mass resolution was measured as ∼1/140. With the A and Z identification available from the PRISMA spectrometer, it is possible to select individual projectile-like nuclear species produced in the reaction.
The Doppler-corrected one-dimensional γ -ray spectrum corresponding to a gate set on 33 Si in the mass spectrum of Fig. 1 is shown in Fig. 2 . In total, approximately 7 × 10 4 33 Si ions were detected in coincidence with at least one γ ray. Characteristic lead x rays are marked as such in Fig. 2 , while very broad photopeaks from unobserved associated target-like reaction partners (mainly 208, 209, 210 Po), inappropriately Doppler corrected, are marked as C in Fig. 2 . The measured γ -ray energies with associated uncertainties, relative intensities, and proposed placement in the level scheme of 33 Si are presented in Table I . In the present work, γ -ray coincidence measurements are not possible because of the low statistics.
The previously reported γ -ray transitions in 33 Si are those at energies of 1010.2, 1434.9, and 4341 keV ( [16] and references therein). Gamma-ray photopeaks at energies of 1010 and 1435 keV are clearly seen in the spectrum of Fig. 2 . The 4341-keV γ -ray transition is not observed in the present study; its energy lies outside the current range of measured energies. In addition, there are four previously unobserved photopeaks at energies of 971, 1724, 1772, and 2655 keV.
The 1010-and 1435-keV γ -ray transitions were observed in earlier deep inelastic studies using thick targets [9] [10] [11] (see Fig. 3 ). The 1435-keV stretched M2 transition connects the isomeric 7/2 − state to the 3/2 + ground state. The stretched M2 assignment was based on an in-plane/out-of-plane γ -ray asymmetry analysis and on the measured 10.2(3) ns half-life [32] . The 4341-keV γ -ray transition was observed in β-decay studies [15] . We have revisited two sets of data obtained in deep inelastic studies that involved the bombardment of a thick target of 160 Gd by 234-MeV 37 Cl ions [28, 33] and the bombardment of a thick target of 176 Yb by 230-MeV 36 S ions [11] . Of the photopeaks listed in Table I , only the 1010-and 1435-keV γ -ray transitions could be identified. This strongly suggests that the yrast states above the 1435-keV isomer have lifetimes of the order of 1 ps or shorter. In in-beam γ -ray spectroscopy studies of binary reaction fragments from deep inelastic processes using thick targets, γ rays depopulating states with lifetimes less than about 33 Si has been studied by Enders et al. [14] using a 73 A MeV beam of 34 Si. The quantum numbers of the removed neutron and spectroscopic factors were determined. States of 33 Si at 0, 1.010, and 4.290 MeV were populated and were assigned J π values of 3/2 + , 1/2 + , and 5/2 + , respectively. The measured spectroscopic factors are consistent with full occupancy of the neutron 1d 3/2 and 2s 1/2 orbitals in the ground state of 34 Si. In placing the previously unobserved γ -ray transitions of energy 971, 1724, and 2655 keV in the level scheme of 33 Si, we have been guided by the work of Fifield et al. [12, 13] , by γ -ray intensity considerations, and by the observation that binary grazing reactions preferentially populate yrast and near-yrast states [9, 26, 27, 34] .
A comparison of the 33 Si level energies of 1010 and 1435 keV with those measured by Fifield et al. [12, 13] [12, 13] , deep inelastic processes [9] [10] [11] , and neutron knockout reactions [14] with the present proposed level scheme of 33 Si. The width of the arrows is proportional to the relative transition intensities. The results of large-scale 1hω p-sd-pf shell-model calculations are also shown. Only the first two states of each J π value are presented. J π assignments for the states of 33 Si observed in the present work are based on experimental and model-dependent arguments. See text for details. a continuing systematic trend; the present level energies are smaller than those of Fifield et al. by around 20-40 keV; see Fig. 3 . It is noted here that, in the earlier reported study of 37 P [23] , populated in the experiment discussed here, five of the seven observed γ -ray transitions were accommodated within the corrected level scheme of Orr [35] , which was based on a study of the 36 S( 18 O, 17 F) 37 P reaction. Based on the observation that yrast states are generally the most strongly populated in multinucleon grazing reactions, we suggest here that the state at 3159 keV has J values of (9/2, 11/2), the state at 4090 keV has J values of (9/2, 11/2), and the state at 4931 keV has J values of (11/2, 13/2). The Weisskopf estimate for the lifetime of a 1724-keV M2 transition is about 200 ps. M2 transitions are generally inhibited compared to the Weisskopf estimate by a factor of at least 10 [36] ; on the basis that this transition should have been observed in the thick-target data discussed earlier, we can exclude a J π value of 11/2 + for the 3159-keV state. In Fig. 3 , the J π values of the states at 3159, 4090, and 4931 keV are based on experimental and on model-dependent arguments, which follow. In the level scheme from the present work, the J π values for the ground and first three excited states are taken from the earlier studies that were discussed above.
To investigate the single-particle structure of the states of 33 Si, we have performed large-scale 1hω shell-model calculations using the NATHAN code [37, 38] with a new PSDPFB effective interaction [19] [20] [21] that is based on a 4 He core. In the interaction, one nucleon is allowed to jump between the p and sd or between the sd and pf shells. The results of the calculations performed here show that, for the 33 Si states, the protons are confined within the sd shell and that the negative-parity states result from the excitation of one neutron across the N = 20 gap into the pf shell. A comparison of the experimental level scheme with the results of the 1hω p-sd-pf 064301-4 shell-model calculation is presented in Fig. 3 . We can see that the new PSDPFB effective interaction is able to reproduce the experimental level energies well. There is reasonably strong evidence for shell-model states corresponding to the excited states observed at 1010, 1435, 1981, 3159, 4090, and 4931 keV.
In the shell-model calculations, the yrast excited states have negative parity. On this basis, the observed states above 1010 keV have negative parity, with J π values in the range from (3/2 − ) to (11/2 − ) (see Fig. 3 ). Here it is noted, as a word of caution, that the suggested negative-parity assignments to the states of 33 Si observed here are speculative and not based on experimental observation. Table II presents the main components of the shell-model wave functions of the states of 33 Si. For completeness, the wave functions of positive-parity states up to J π values of 15/2 + are given. The positive-parity yrast states have rather pure configurations, based on proton occupation of the 1d 5/2 , 2s 1/2 , and 1d 3/2 shell-model orbitals with neutron occupation of the 1d 3/2 orbital. In contrast, the wave functions of the 1p-2h negative-parity states are more mixed, and correspond mainly to two holes in the 1d 3/2 neutron orbital with a neutron occupying the pf shell. Thus, while the J π = 15/2 + state has one dominant component in its wave function, the wave function of the J π = 15/2 − state has no component larger than 20% (see Table II ). The shell-model half-life of the 1435-keV state is 6.3 ns, which compares favorably with the measured value of 10.2(3) ns; the multipolarity of the transition is dominated by M2, again in agreement with observation [32] . The relatively long shell-model lifetime of the 1010-keV state of 35 ps is consistent with the observation 064301-5 
